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Abstrat
In this Letter we study the double dirative vetor meson prodution in e+e−
ollisions assuming the dominane of the BFKL pomeron exhange. We onsider the
non-forward solution of the BFKL equation at high energy and large momentum
transfer and estimate the total ross setion for the proess e+e− → e+e−V1V2
with antitagged e+ and e−, where V1 and V2 an be any two vetor mesons (Vi =
ρ, ω, φ, J/Ψ,Υ). The event rates for the future linear olliders are given.
In the last years several studies has demonstrated that the e+e− olliders oer an
exellent opportunity to test the QCD dynamis at high energies (For reviews see e.g.
Refs. [1, 2℄). The simpliity of the initial state and the possibility of study of many
dierent ombinations of nal states making this proess very useful for studying the QCD
dynamis in the limit of high enter-of-mass energy
√
s and xed momentum transfer t.
This is the domain where we ould expet BFKL Pomeron theory [3℄ to be appliable,
provided that a hard sale exist whih allows to use perturbation theory. It has motivated
the theoretial and experimental analysis of several reations. In partiular, the γ∗γ∗
total ross setion, using the forward solution of the BFKL equation, was alulated
in Refs. [4, 5, 6℄, where the photon virtuality provides the hard sale. One have that
while the two-gluon approximation does not desribe the OPAL and L3 data points,
the leading order (LO) BFKL predition lies above the data. First attempts to inlude
the next-to-leading order (NLO) orretions to the BFKL equation are enouraging [7℄.
Furthermore, the heavy quark prodution in γγ ollisions was estimated in Refs. [8, 9, 10℄,
∗
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demonstrating that the experimental analysis of this proess an be useful to onstrain
the QCD dynamis. In this ase, the hard sale is the photon virtuality and/or the heavy
quark mass. A omparison with the data from the L3 ollaboration is presented e.g.
in Ref. [10℄. Another possibility to study the BFKL theory is the double vetor meson
prodution in γγ ollisions [11, 12, 13, 14, 15℄. In this proess and in the general ase there
an be three large momentum sales - the photon virtuality, Q2, the vetor meson mass
MV and the momentum transfer t. Reently, the double light vetor meson prodution
has been extensively analyzed onsidering distint approximations [16, 17, 18, 19℄. In
partiular, the exlusive dirative proess γ∗γ∗ → ρρ was alulated at Born level in
Ref. [17℄, onsidering the BFKL resummation eets in Ref. [18℄ and the NLO orretions
to the impat fators and BFKL kernel in Ref. [19℄. In these studies the hard sale was
provided by the photon virtuality and only the forward solution from the BFKL equation
was alulated. On the other hand, in Ref. [16℄ we have estimated, for the rst time, the
double vetor meson prodution at photon olliders onsidering the non-forward solution
of the LO BFKL equation at high energy and large momentum transfer. It has allowed
to estimate the total and dierential ross setion for the prodution of heavy and light
vetor mesons in real photon interations. In that study we have restrited our analysis
for photon olliders. In order to estimate the feasibility of this proess it is important
also ompute the orresponding e+e− ross setions. In this letter we extend our previous
analyzes and alulate the double dirative vetor meson prodution in e+e− ollisions
assuming the dominane of the BFKL pomeron exhange and estimating the event rates
for the future linear olliders.
Two-photon proesses at future high energy linear olliders an be measured either as
in a storage ring, via photon emission from the lepton beams, aording to a Weizsäker-
Williams (WW) energy distribution, or using a linear ollider in photon ollider mode
(For a reent review see, e.g. Refs. [20, 21℄). In the latter ase the high energy eletron
beam is onverted into a high energy photon beam, by baksattering of photons o
an intense laser beam, just before the interation point. Considering e+e− ollisions,
urrent onservation and the small photon virtuality lead to a fatorization of the lepton
sattering ross setions into the photon spetrum in the lepton and the hard photon
sattering ross setion [22℄. For the e+e− → e+e−V1V2 proess, the ross setion will be
given by (see Fig. 1)
σe+e−→e+e−V1V2(
√
see) =
∫
dxadxbdtfγ/e(xa)fγ/e(xb)
dσγγ→V1V2
dt
(sˆ) , (1)
where see is the squared e
+e− enter of mass energy, xa and xb denote the frations
of longitudinal momentum of the lepton a and b that are arried by the orresponding
photons and sˆ = xaxbsee is the enter of mass energy of the γγ → V1V2 subproess. In the
Weizsäker-Williams (WW) approximation [23℄, the energy spetrum of the exhanged
photons is given by
fγ/e(x) =
αem
2pi
{
1 + (1− x)2
x
ln
(
Q2max
Q2min
)
− 2m2x
[
1
Q2min
− 1
Q2max
]}
. (2)
The subleading nonleading logarithmi terms modify the ross setion typially by 5%
[24℄. αem is the eletromagneti oupling onstant, x = Eγ/E is the energy fra-
tion transferred from the eletron to the photon, m is the eletron mass. Moreover,
Q2min = (m
2x2)/(1 − x) and Q2max = E2(1 − x)θ2max is the maximal photon virtuality
for eletron sattering angles below θmax. This angle an be determined by tagging the
2
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Figure 1: Impat fator representation for the e+e− → e+e−V1V2 proess.
outgoing eletron in the forward diretion or by requiring that it be lost in the beam pipe
(antitagging). Following Ref. [12℄ we have that the Eq. (1) an be rewritten as
σe+e−→e+e−V1V2(
√
see) =
∫ 1
0
dxa
∫ 1
0
dxb Θ(sˆ− sˆmin)fγ/e(xa)fγ/e(xb)σγγ→V1V2(sˆ), (3)
where Θ is the step funtion, sˆmin is the threshold on hadron prodution whih assures
that the γγ system is in the high energy region where the BFKL dynamis is expeted
to be valid (see below), and
σγγ→V1V2(sˆ) =
∫
∞
tmin
dt
dσγγ→V1V2
dt
(sˆ) (4)
is the total ross setion of the photon-photon subproess. Moreover, tmin is a ut-o in
the momentum transfer (see disussion below).
At high energies the double dirative meson prodution is expeted to be desribed
in terms of the BFKL Pomeron [11, 12, 13, 14, 15, 16, 17, 18, 19℄. At leading logarithmi
approximation, it orresponds to a sum of ladder diagrams with reggeized gluons along
the hain, with the sum being desribed by the BFKL equation [3℄. Considering the
impat fator representation and the BFKL dynamis, the dierential ross setion for
the γγ → V1V2 will be expressed by (For details see Ref. [16℄)
dσ(γγ → V1V2)
dt
=
16pi
81t4
|FBFKL(z, τ)|2 , (5)
3
where the BFKL amplitude FBFKL, in the leading logarithm approximation (LLA) and
lowest onformal spin (n = 0), is given by [25℄
FBFKL(z, τ) = t
2
(2pi)3
∫
dν
ν2
(ν2 + 1/4)2
eχ(ν)zIγV1ν (Q⊥)I
γV2
ν (Q⊥)
∗. (6)
In the Eqs. (5) and (6), z = [3αs ln(sˆ/Λ
2)]/(2pi), τ = |t|/(M2V + Q2γ), MV is the mass
of the vetor meson, Qγ is the photon virtuality, Λ
2
is a harateristi sale related to
M2V and |t|, and Q⊥ is the momentum transfered, t = −Q2⊥, (the subsript denotes two
dimensional transverse vetors). Furthermore,
χ(ν) = 4Re
(
ψ(1)− ψ
(1
2
+ iν
))
(7)
is proportional to the BKFL kernel eigenvalues (See e.g. Ref. [26℄), with ψ(x) being the
digamma funtion. The quantities IγViν are given in terms of the impat fators IγVi and
the BFKL eigenfuntions as follows [27℄,
IγViν (Q⊥) = −Ci αs
16pi
Q3
⊥
Γ(1/2− iν)
Γ(1/2 + iν)
(Q2
⊥
4
)iν ∫ 1/2+i∞
1/2−i∞
du
2pii
( Q2
⊥
4M2Vi
)1/2+u
(8)
×Γ
2(1/2 + u)Γ(1/2− u/2− iν/2)Γ(1/2− u/2 + iν/2)
Γ(1/2 + u/2− iν/2)Γ(1/2 + u/2 + iν/2) ,
where the onstant Ci may be related to the vetor meson leptoni deay width, C2i =
3ΓVieeM
3
Vi
/αem.
The dierential ross setion an be diretly alulated substituting the above expres-
sion in Eq. (6) and evaluating numerially the integrals. Following Ref. [16℄, we will
assume the non-relativisti approximation of the meson wave funtions, αs = 0.2 and
Λ2 = β1M
2
V1
+ β2M
2
V2
+ γ|t|, with β1 = β2 = 1/2 and γ = 0. As the dierential ross
setion is proportional to α4s and the energy dependene is determined by the variable z,
whih is dependent of the αs and Λ values, we have a strong dependene of our preditions
on the hoie of these parameters (For a more detailed disussion see Ref. [16℄). A similar
dependene is expeted for the preditions presented in this letter. These unertainties
will be redued onsidering in the alulations the NLO orretions to the impat fators
and non-forward BFKL kernel.
In what follows we alulate the total ross setion for the proess e+e− → e+e−V1V2
with Vi = ρ, ω, φ, J/ψ, Υ and dierent values of the enter of mass energy (
√
see = 200,
500, 1000 e 3000 GeV). Moreover, we will assume θmax = 30 mrad. As our alulations for
the γγ → V1V2 subproess are only valid at high energies we should to exlude the region
where the BFKL dynamis is expeted to break down. This restrition is present in Eq.
(3) in terms of the theta funtion, where we have dened a minimum value for the enter
of mass energy of the hard subproess, sˆ. Here we hoose
√
sˆmin = Wmin = 20 GeV,
independently of the hadroni nal state produed. Furthermore, for double light meson
prodution, the hard sale for the γγ → V1V2 subproess is provided by the momentum
transfer. Consequently, in the alulation of the total ross setion [Eq. (4)℄ a lower ut-
o in the t-integration is neessary in order to minimize non-perturbative (Soft Pomeron)
ontributions. We hoose in this ase |t|min = 1 GeV2, whih is reasonable onsidering
that the HERA data for the photoprodution of light vetor mesons in this kinemati
region are quite well desribed using a similar approah [28, 29℄. On the other hand, we
assume |t|min = 0 when at least a heavy meson is produed, sine in this ase we have
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√
see = 200 GeV
√
see = 500 GeV
√
see = 1000 GeV
√
see = 3000 GeV
ρJ/Ψ 0.90 (0.015) 5.80 (0.049) 21.87 (0.097) 178.19 (0.22)
φJ/Ψ 0.11 (0.0023) 0.69 (0.0073) 2.58 (0.014) 20.77 (0.033)
ωJ/Ψ 0.075 (0.0013) 0.48 (0.0041) 1.85 (0.0081) 15.03 (0.019)
J/ΨJ/Ψ 0.045 (0.0021) 0.27 (0.0066) 0.98 (0.012) 7.56 (0.031)
ρΥ 0.0013 (0.000055) 0.0093 (0.00017) 0.036 (0.00034) 0.31 (0.00080)
ωΥ 0.00011 (0.0000055) 0.00078 (0.000017) 0.0030 (0.000034) 0.026 (0.000080)
φΥ 0.0002 (0.000011) 0.0013 (0.000034) 0.0050 (0.000068) 0.040 (0.00016)
J/ΨΥ 0.00025 (0.000027) 0.0015 (0.000086) 0.0052 (0.00017) 0.038 (0.00040)
ΥΥ 0.0000072 (0.0000014) 0.000038 (0.0000045) 0.00012 (0.0000088) 0.0008 (0.000020)
Table 1: The double vetor meson prodution ross setions in e+e− proesses at dierent
energies, |t|min = 0 and θmax = 30 mrad, assuming the BFKL Pomeron (Two-gluon)
exhange. Cross setions are given in pb.
a hard sale present whih justies the perturbative alulations in the low-t (t ≈ 0)
region. It is important to emphasize that a Soft Pomeron ontribution is not inluded in
our alulations (See e.g. Ref. [30℄).
Our preditions for the double dirative meson prodution in e+e− ollisions are pre-
sented in the Tables 1 and 2 onsidering the non-forward solution of the BFKL equation.
For omparison we also show the results obtained at the Born level, whih orresponds to
the two gluon exhange mehanism. It is important to emphasize that although the Born
term implies an energy independent ross setion at the photon level, its preditions for
the e+e− ross setions have a weak energy dependene due to the photon ux fator. As
already observed in Ref. [16℄, the ross setions derease when a heavier vetor meson
is onsidered. Moreover, the BFKL dynamis implies an enhanement of the ross se-
tion in omparison to the two-gluon exhange preditions, whih an reah two orders of
magnitude, depending of the energy and mesons involved in the reation. Previous esti-
mates for the double J/Ψ and ρJ/Ψ prodution in e+e− ollisions has been obtained in
Refs. [12℄ and [13℄, respetively. The prodution of other ombinations of vetor mesons
in the nal state onsidering the BFKL dynamis are estimate here for the rst time.
In Ref. [12℄ the authors have solved the BFKL equation taking into aount dominant
non-leading eets whih ome from the requirement that the virtuality of the exhanged
gluons along the gluon ladder is ontrolled by their transverse momentum squared and
have estimated the double J/Ψ prodution at LEP2 energy. We have that our predi-
tions are similar with those obtained there if we onsider the same experimental uts and
energy. A more detailed omparison of the energy dependene is not possible, sine it is
not analyzed in Ref. [12℄. On the other hand, the ρJ/Ψ prodution in e+e− ollisions was
previously estimated in Ref. [13℄, where this proess was proposed as a probe of the gluon
distribution on the meson xGρ and, by onsequene, a onstrain for the photon struture.
Our preditions agree with the results presented there, only presenting a steeper energy
growth. It is expeted sine we are using the LO solution of the BFKL equation, while
in Ref. [13℄ the energy dependene is determined by the gluon distribution of the light
meson whih has a smaller interept.
Finally, lets estimate the expeted number of events of some of the proesses alulated
in this paper for the future linear olliders [31, 32, 33℄. For e+e− ollisions with enter
of mass energies equal to
√
see = 500 GeV, luminosities of order L = 340, 200 and 220
fb−1/year are expeted at TESLA, CLIC and ILC, respetively. In Table 3 we present
5
√
see = 200 GeV
√
see = 500 GeV
√
see = 1000 GeV
√
see = 3000 GeV
ρρ 0.18 (0.035) 1.03 (0.11) 3.60 (0.21) 26.62 (0.51)
ρφ 0.033 (0.0053) 0.19 (0.016) 0.66 (0.032) 4.87 (0.077)
ρω 0.015 (0.0030) 0.088 (0.0093) 0.309 (0.018) 2.28 (0.043)
φφ 0.0067 (0.00084) 0.038 (0.0026) 0.130 (0.0051) 0.951 (0.012)
φω 0.0029 (0.00044) 0.016 (0.0013) 0.057 (0.0027) 0.41 (0.0064)
ωω 0.0013 (0.00025) 0.007 (0.00080) 0.026 (0.0025) 0.19 (0.0036)
Table 2: The double light vetor meson prodution ross setions in e+e− proesses at
dierent energies, |t|min = 1 GeV2 and θmax = 30 mrad, assuming the BFKL Pomeron
(Two-gluon) exhange. Cross setions are given in pb.
TESLA CLIC ILC
ρρ 350000.0 206000.0 220000.0
ρJ/Ψ 1970000.0 1160000.0 1270000.0
J/ΨJ/Ψ 92000.0 54000.0 59000.0
ΥΥ 13.0 8.0 9.0
Table 3: Number of events per year for double vetor meson prodution at TESLA, CLIC
and ILC expeted luminosities (
√
see = 500 GeV and θmax = 30 mrad).
our preditions for the number of events per year for the ρρ, ρJ/Ψ, J/ΨJ/Ψ and ΥΥ
prodution. For double ρ prodution our estimate is onservative, sine we onsider a
ut in the momentum transfer t (|t|min = 1 GeV2) and the Soft Pomeron ontribution is
not inluded in our alulations. As expeted, the number of events is smaller than those
obtained for a γγ ollider [16℄. However, we still predit a large number of events related
to double meson prodution in e+e− ollisions, allowing future experimental analyses,
even if the aeptane for vetor meson detetion were low. Consequently, we believe
that this proess ould be used to onstrain the QCD dynamis at high energies.
As a summary, we have studied the double dirative vetor meson prodution in
e+e− ollisions assuming the dominane of the BFKL Pomeron exhange and estimated
the total ross setions for the future linear olliders. Our results indiate that it may be
possible to perform a suessful experimental analysis of this proess. It is an important
results sine, as already pointed out in Ref. [18℄, this exlusive dirative reation may
beome the best tool to investigate the perturbative piture of the BFKL Pomeron. In
partiular, we expet that in this proess the impat of the NLO orretions an be
evaluated and the various approahes proposed in the literature an be onstrained.
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